The activating effect of Na + on thrombin is allosteric and depends on the conformational transition from a low activity Na + -free (slow) form to a high activity Na + -bound (fast) form. The structures of these active forms have been solved. Recent structures of thrombin obtained in the absence of Na + have also documented inactive conformations that presumably exist in equilibrium with the active slow form. The validity of these inactive slow form structures, however, is called into question by the presence of packing interactions involving the Na + site and the active site regions. Here, we report a 1.87 Å resolution structure of thrombin in the absence of inhibitors and salts with a single molecule in the asymmetric unit and devoid of significant packing interactions in regions involved in the allosteric slow→fast transition. The structure shows an unprecedented self-inhibited conformation where Trp-215 and Arg221a relocate >10 Å to occlude the active site and the primary specificity pocket, and the guanidinium group of Arg-187 penetrates the protein core to fill the empty Na + binding site. The extreme mobility of Trp-215 was investigated further with the W215P mutation. Remarkably, the mutation compromises significantly cleavage of the anticoagulant protein C, but has no effect on the hydrolysis of fibrinogen and PAR1. These findings demonstrate that thrombin may assume an inactive conformation in the absence of Na + and that its procoagulant and anticoagulant activities are closely linked to the mobility of residue 215.
The activating effect of Na + on thrombin is allosteric and depends on the conformational transition from a low activity Na + -free (slow) form to a high activity Na + -bound (fast) form. The structures of these active forms have been solved. Recent structures of thrombin obtained in the absence of Na + have also documented inactive conformations that presumably exist in equilibrium with the active slow form. The validity of these inactive slow form structures, however, is called into question by the presence of packing interactions involving the Na + site and the active site regions. Here, we report a 1.87 Å resolution structure of thrombin in the absence of inhibitors and salts with a single molecule in the asymmetric unit and devoid of significant packing interactions in regions involved in the allosteric slow→fast transition. The structure shows an unprecedented self-inhibited conformation where Trp-215 and Arg221a relocate >10 Å to occlude the active site and the primary specificity pocket, and the guanidinium group of Arg-187 penetrates the protein core to fill the empty Na + binding site. The extreme mobility of Trp-215 was investigated further with the W215P mutation. Remarkably, the mutation compromises significantly cleavage of the anticoagulant protein C, but has no effect on the hydrolysis of fibrinogen and PAR1. These findings demonstrate that thrombin may assume an inactive conformation in the absence of Na Thrombin is a Na + -activated enzyme (1) that belongs to the vitamin K-dependent family of serine proteases involved in blood clotting (2, 3) . As for other enzymes activated by monovalent cations (4), binding of Na + facilitates substrate binding and catalysis by lowering the energies of complex formation in the ground and transition states (5, 6) . The mechanism of Na + activation is allosteric, or Type II (4), and depends on the equilibrium between two active forms, slow (Na + -free) and fast (Na + -bound), that differ in their MichaelisMenten parameters (1) . Na + increases both k cat and k cat /K m and acts as a "modifier" (7, 8) that converts the low activity slow form into the high activity fast form.
Crystal structures of the active slow and fast forms have been solved recently (9) . Significant changes have been detected between the two forms that explain how Na + binding causes faster diffusion of substrate into the active site and faster acylation. A highly organized network of water molecules connects the coordination shell of Na + to the hydroxyl group of the catalytic Ser-195 located 16 Å away, using the side chains of Asp-189 and Glu-192 as relays (9) . The correct orientation of Asp-189 in the primary specificity pocket and Ser-195 in the active site are controlled long-range by Na + binding and result into an optimal environment for substrate diffusion and catalysis.
Earlier stopped-flow kinetic measurements of Na + binding to thrombin (10) have suggested that the mechanism of conversion of the slow to the fast form must involve a third component. The kinetics of Na + association with thrombin was found to be biphasic, with a "fast" phase due to the interaction of Na + with the slow form S to generate the fast form F, and a "slow" phase due to the interconversion between the inactive S* and active S slow forms. The inactive S* form was found incapable of binding Na + and substrate at the active site (10) .
Following the pioneering structure of thrombin free of inhibitors and Na + portraying the active slow form (9, 11) , a number of crystal structures of free thrombin have been obtained with the enzyme in various inactive forms (12) (13) (14) (15) (16) (17) . Some of these structures (13, 16, 17) have been claimed to capture the essential properties of the inactive slow form S*, with the active site occluded and the Na + site disordered. One structure has suggested that the physiologic role of the inactive slow form of thrombin could be to expose the RGD sequence (15) for interaction with integrins (18) . Current structural evidence of the existence of an inactive slow form is interesting and potentially relevant to thrombin allostery. However, close inspection of the structures portraying thrombin into inactive conformations in the absence of Na + reveals that they all contain two molecules in the asymmetric unit engaged in substantial packing interactions at the active site and the Na + site regions that call into question the structural assignments attributed to the lack of Na + . The precise nature of the inactive slow form of thrombin remains to be established with new structures where packing interactions do not bias the conformation of the enzyme around the Na + site and the active site. Here, we report a high resolution (1.87 Å) crystal structure of thrombin, in the absence of inhibitors and salts, with the enzyme in an unprecedented self-inhibited conformation that is not the result of crystal packing interactions.
Materials and Methods
We engineered a new mutant carrying the isosteric substitution Asp→Asn of the catalytic Asp-102 to inactivate thrombin with the most conservative replacement of the catalytic triad His-57/Asp-102/Ser-195, and to produce a useful reagent for crystallization in the absence of inhibitors or in complex with physiologic substrates. Our choice was motivated by the available X-ray crystal structure of the rat trypsin mutant D102N in the presence of benzamidine (19) , that is practically identical to that of wild-type although the mutant shows >10,000-fold reduction in catalytic activity.
The thrombin mutant D102N was expressed, purified, and tested for activity as described previously (9, 20) . The k cat /K m for the hydrolysis of the chromogenic substrate H-D-Phe-Pro-Arg-p-nitroanilide (FPR) is reduced 16,000-fold relative to wild-type at pH 8.0, mostly due to a 450-fold decrease in k cat (data not shown). Stopped-flow measurements of Na + binding to thrombin wild-type and D102N were carried out with an Applied Photophysics SX20 spectrometer, using an excitation of 280 nm and emission of 320 nm. Samples of thrombin at a final concentration of 50 nM were mixed 1:1 with 60 µl solutions of the same buffer (50 mM Tris, 0.1% PEG, pH 8.0 at 15 °C) containing variable amounts of NaCl (up to 400 mM) kept at constant ionic strength of 400 mM with choline chloride (ChCl). The baseline was measured with 400 mM ChCl in the mixing syringe. The fluorescence increase observed upon Na + binding has an initial rapid phase that cannot be resolved within the dead time (0.5 ms) of the spectrometer followed by a single exponential slow phase with a k obs that decreases as [Na + ] increases (see Figure 4 ). The biphasic mechanism of Na + binding obeys the kinetic scheme (10,16)
The rapid phase is due to Na + binding to S to generate F, with an equilibrium association constant K A . The slow phase is due to the conversion of S* to S with an observed rate constant (10) ] [Na 1
where k 1 and k -1 are the rates for the S*→S transition (k 1 ) and backward (k -1 ) and define the population of inactive slow form relative to the active slow form as k -
The thrombin mutant W215P was expressed, purified and tested for activity as described (9, 20) . Cleavage of FPR, fibrinogen, PAR1 and activation of protein C were determined as reported elsewhere (9, (21) (22) (23) under experimental conditions of 5 mM Tris, 0.1% PEG, 145 mM NaCl, pH 7.4 at 37 ºC.
For crystallization studies, the D102N mutant was concentrated to 5 mg/ml in 50 mM ChCl and 20 mM Tris, pH 7.5. Crystallization was achieved using the hanging drop vapor-diffusion method by mixing 2 µl of protein solution and 2 µl of reservoir solution containing 18% PEG 20000, 0.1 M HEPES, pH 7.5 and left to equilibrate at 23 °C. Diffraction quality crystals (0.40x0.15x0.10 mm) were grown after two weeks. The crystals were tetragonal, with space group P4 3 and unit cell parameters a=b=57.9 Å, c=119.9 Å, and contained one molecule in the asymmetric unit. The crystal was cryoprotected in 18% PEG 20000, 0.1 M HEPES and 15% glycerol prior to flashfreezing. X-ray data were collected to 1.87 Å resolution at 100 °K on an ADSC Quantum-315 CCD detector at the NE-CAT beamline 8-BM of the Advanced Photon Source, Argonne National Laboratories, Argonne, IL. Data processing including indexing, integration and scaling was performed using the HKL 2000 software package (24) . The data set was 99.2% complete at the 40-1.87 Å resolution range, with 92.8% completeness at the highest resolution shell. The results of data collection are shown in Table 1 .
The crystal structure of thrombin D102N was solved by molecular replacement using the coordinates of the slow form of thrombin bound to H-D-PhePro-Arg-CH 2 Cl (PPACK), 1SHH (9) , as the search model. The structure was refined using Crystallography and NMR System (25) and 7% of the reflections were selected randomly as a test set for cross validation. An initial round of rigid body refinement was carried out at 2.5 Å resolution, followed by positional, slowcooling annealing, and B factor refinement.
A few cycles of minimization, including bulk solvent correction, B factor refinement and model rebuilding gave R cryst =0.238 and R free =0.252 at 2.5 Å resolution. The resolution for refinement was gradually extended to 1.87 Å and water molecules were added interactively at the end of each refinement cycle using Fo-Fc peaks over 3σ. The final R cryst and R free were 0.195 and 0.218, respectively, with Rmsd from ideal values of 0.006 Å for bond lengths and 1.6° for bond angles. The final model includes 279 residues, 1 HEPES and 150 water molecules. The autolysis loop could not be resolved due to weak electron density and was omitted. The refinement and model parameters are listed in Table 1 . The Ramachandran plot for thrombin D102N shows no residues in the disallowed regions, with 98.3% of the residues located in the most favored regions, and 1.7% in the generously allowed regions. The coordinates of the structure of the thrombin mutant D102N have been deposited to the Protein Data Bank (accession code 2GP9).
Results and Discussion
All existing structures portraying thrombin in inactive conformations in the absence of inhibitors and Na + (13) (14) (15) (16) (17) contain two molecules in the asymmetric unit, related by non-crystallographic 2-fold symmetry, that pack together through extensive contacts. The packing involves the active site and the Na + site and calls into question the structural assignments attributed to the absence of Na + . Residues found at the molecular interface of these structures are listed in Table 2 and the surface areas involved in the packing are illustrated in Figure 1 .
The recently solved structure of free wild-type thrombin in an inactive conformation attributed to the lack of Na + (17) has two molecules in the asymmetric unit defining an intermolecular surface of interaction of ~900 Å 2 ( Table 2 ). The surface involves residues of the 60-, 99-, 170-, 186-and 220-loops ( Figure 1 ) and is the size of the interface of the complex between thrombin and the N-terminal domain of hirudin (26) . Practically, this is a structure of thrombin "inhibited" by another thrombin molecule in the asymmetric unit, with the entire Na + site and active site regions under the influence of significant crystal packing. Much importance was attributed to a 3.0 Å shift in the position of , that occludes access to the active site (17) . However, Glu-192 is at the interface of the two thrombin molecules in the asymmetric unit, with the Cγ only 3.5 Å away from the Nε of Arg-221a of the second molecule. The contact pushes the side chain of Glu-192 into the active site, where it is further stabilized by two watermediated H-bonds with a glycerol molecule at the interface. The artifactual conformation of Glu-192 may have facilitated a flip of the N atom of Gly-193 defining the oxyanion hole together with the N atom of the catalytic Ser-195. However, the flip cannot be considered a signature of the inactive slow form because it is also observed in the structure of thrombin bound to K + (16) . Other significant packing interactions across the interface involve Asp-221 with Arg221a, Asp-222 with Lys-60f, and Lys-224 with Asp-60e, all residues assumed to be involved in the allosteric transition from the inactive slow form to the active fast form (17) . In addition, Oε1 of Glu-217 makes a H-bond with Nε1 of Trp-60d and the catalytic His-57 forms a 3.2 Å H-bond with a glycerol molecule at the interface. Hence, the inactive conformation reported in this structure is largely the result of crystal packing.
Similar considerations apply to the structure of the thrombin mutant E217K (13) , also claimed to portray thrombin in the inactive slow form. In this case, packing interactions are even more substantial and cover a surface area >1,000 Å (Table 2) in the Na + site and active site regions ( Figure  1 ). The 3.4 Å contact between Oε1 of Glu-192 and NH1 of Arg-221a of the second molecule in the asymmetric unit positions toward the active site. Importantly, Nζ of the mutated residue Lys-217 forms a 2.9 Å salt bridge with Oδ2 of Asp-222 in the second molecule of the asymmetric unit, contrary to the claim that this Lys side chain did not make a significant stabilizing contact in the structure (13) . The inactive conformation reported in this structure is largely the result of the drastic charge reversal introduced near the Na + site and significant crystal packing.
The recent structure of the thrombin mutant R77aA in the presence of KCl contains two molecules in the asymmetric unit, one with K + bound to the Na + site (molecule 1) and the other (molecule 2) in an inactive conformation with the Na + site free (15, 16) . This structure too contains substantial packing interactions in the asymmetric unit that affect a surface area >600 Å ( Table 2 ). The 220-loop region of molecule 2 is at the interface, and its partial disorder exposes the RGD sequence. Likewise, the autolysis loop of molecule 2 is repositioned toward exosite I by its contacts with molecule 1 at the interface. Cys-220 is in contact with Arg-221a of molecule 1, which could explain perturbation of the 190-strand through the Cys-191:Cys-220 disulfide bond and closure of the access to the primary specificity pocket. Perturbation of Cys-220 could have also caused the collapse of residues 216-219 into the primary specificity pocket, as seen in the structure of the inactive W215A/E217A mutant (14) , as well as the 192° flip in the side chain of Trp-215 that is also observed in the structure of inactive wild-type thrombin (17) . As in the case of other structures claimed to portray thrombin in the inactive slow form (13, 17) , the inactive conformation of molecule 2 in the R77aA structure in the presence of KCl (16) is largely the result of crystal packing.
Although it may be argued that crystal contacts are often the consequence rather than the cause of observed structural changes (16) , it would be highly desirable to have structures of the inactive slow form where packing interactions do not involve regions affected by the allosteric slow→fast transition (9) . The structure of the thrombin mutant D102N presented here provides a significant step forward in this direction. The structure contains a single molecule in the asymmetric unit, with minimal contacts with symmetry related molecules in the lattice. The overall fold of D102N is similar to wild-type, with a backbone rms deviation of 0.77 Å compared to the Na form (9) . There are no significant changes at the site of mutation that can be attributed to the D102N substitution. For example, Nδ1 of Asn-102 remains within Hbonding distance of Nδ1 of His-57 (2.91 Å) and Oγ of Ser-214 (3.06 Å), as for wild-type (9) . On the other hand, the structure shows changes in the primary specificity pocket and in the Na + binding site never before reported.
The 215-219 strand collapses into the primary specificity pocket. Trp-215, whose Cα is 5.26 Å away from the mutated Nδ1 of Asn-102, shifts 130° at the Cβ and causes the indole ring to pack against the hydrophobic pocket in the active site formed by Trp-60d, Tyr-60a, His-57 and Leu-99 (Figure 2A ). In this conformation, the indole of Trp-215 occupies the same position as the Pro ring of the active site inhibitor PPACK in the PPACK-inhibited structure of thrombin ( Figure  3 ), suggesting that the collapse of Trp-215 into the active site is driven by the favorable hydrophobic environment of the S2 site near the catalytic His-57 (27) . Downstream of the 215-219 strand, the twist in the backbone caused by the collapse of Trp-215 moves the entire 220-loop upward and changes the orientation of several residues. The side chain of Arg-221a, located >10 Å away from the site of mutation, rotates 95° and brings the guanidinium group in contact with Asp-189 in the primary specificity pocket ( Figure 2B ). In this conformation, the guanidinium group of Arg-221a occupies a position analogous to that of the guanidinium group of the Arg of PPACK (Figure 3) , or of an incoming substrate molecule. Altogether, the drastic shifts of Trp-215 and Arg-221a produce a conformation of thrombin that is selfinhibited by the hydrophobic engagement of the 60-loop and active site His-57 by Trp-215, and of the acidic moiety of Asp-189 in the primary specificity pocket by Arg-221a. Residues Asp-221 and Asp-222 flanking Arg-221a shift upward, together with the entire 220-loop, and free the side chain of Arg-187 which is ion-paired to them in the Na + -bound fast form ( Figure  2B ). The acquired mobility of Arg-187 and the upward shift of the 220-loop cause the side chain of Arg-187 to penetrate the protein core and the Na + site, with the guanidinium group positioned within 1 Å from where Na + would bind ( Figure 3 ). The structure of D102N portrays a conformation of thrombin that is unable to bind at the Na + site and at the active site, in agreement with the properties of the inactive slow form S* documetned by earlier kinetic studies (10) .
Because the structure of D102N contains a single molecule in the asymmetric unit, it only contains contacts with symmetry-related molecules in the lattice. These contacts do not affect the self-inhibited conformation. Minor Hbonding interactions engage Lys-224 with Glu-127, Arg-77a with Pro-204, and Arg-126 with Glu-97a, that are inconsequential on the burial of Arg-221a and Arg-187 inside the protein core. Minor van der Waals interactions involve the 60-loop from Tyr-60a to Asp-60e, but do not extend to Trp-215. The structure does not feature the active site-occusion by Glu-192 reported in recent structures of inactive thrombin (13, 16, 17) , nor does it exhibit perturbation of the 60-loop (12, 17) or significant exposure of the RGD sequence (15) . We have shown that the shift in the position of Glu-192 is an artifact of crystal packing. The same conclusion applies to perturbation of the 60-loop, for which mutagenesis studies have ruled out any linkage with Na + binding (9) . However, exposure of the RGD sequence is well established functionally (15) and is confirmed by the structure of the mutant D189A (Carrell et al, manuscript in preparation) where packing interactions differ significantly from those observed in the inactive structure of the R77aA mutant (15) . The backbone N of Gly-193 is flipped as in other structures of inactive thrombin (13, (15) (16) (17) and in the K + -bound form (16) , lending support to the conclusion that flexibility of the backbone in this region is intrinsically independent of the occupancy of the Na + site. Finally, the collapse of the 215-219 strand into the active site is reminiscent of that observed in the structures of W215A/E217A (14), E217K (13) and inactive R77aA (16) . The collapse is likely due to the intrinsic flexibility of Trp-215 whose rearrangement causes a shift in the 216-219 backbone to avoid steric clash (16) . Moreover, the collapse of Trp-215 into the active site observed in the structure of D102N would not be possible without an initial flip of the indole side chain as first reported in the inactive structure of the R77aA mutant (15) . Movement of Trp-215 and its structural consequences on the 215-219 strand likely represent genuine properties of the inactive slow form, together with the rearrangement of Arg-221a and Arg-187 never before documented in thrombin structures.
It is important to point out that the structural features of the D102N mutant pertain to the inactive slow form and are not consequences of the mutation. We have already discussed that the D102N substitution causes minimal perturbation of the H-bonding network within the active site. A direct functional demonstration that the D102N mutant stabilizes the inactive slow form comes from stopped-flow measurements of Na + binding (Figure 4 ). Binding of Na + to the D102N mutant is biphasic as for wild-type and the k obs of the slow phase decreases with increasing [Na + ]. Analysis of the Na + dependence of k obs reveals that the D102N mutant has decreased Na + affinity compared to wildtype. Importantly, the ratio between inactive and active slow forms that is about 1:3 for wild-type increases to about 1:1 for the D102N mutant, thereby increasing the probability to capture the inactive slow form by crystallographic investigation of the enzyme in the absence of Na + . The structure of D102N provides strong evidence that thrombin can assume an inactive, self-inhibited conformation in the absence of Na + , as a result of the extreme flexibility of the fold that could not be anticipated from original structural studies involving inhibitors (27, 28) . The conformation of thrombin reported here precludes binding to the active site and the Na + site and is the best representation of the inactive slow form S* first identified by stopped-flow kinetic studies almost ten years ago (10) . Given the now well established flexibility of thrombin structure, it becomes necessary to cast recognition of physiologic ligands in terms of the contribution of at least three thrombin forms, the Na + -bound fast form F, the Na + -free slow form S and the inactive slow form S*. The relative population of these forms under physiologic conditions will depend not only on the Na + concentration, but also on the particular substrate, effector or inhibitor bound to the enzyme. It is also possible that the S* form may not be unique but exists as an ensemble of conformations, as recently suggested (16), with structural features revealed in part by the structures of D102N presented here and R77aA (15, 16) . Future studies will clarify this point.
The intriguing flexibility of Trp-215 observed in the structure of D102N draws renewed attention to the role of this residue in thrombin specificity, and especially to its well documented ability to discriminate between procoagulant and anticoagulant substrates (21) . The structure reported here and previous studies (15) (16) (17) suggest that the high mobility of the side chain of Trp-215 in the aryl binding site may affect recognition of substrate. Mobility of Trp-215 would also explain why this residue is a major chromophore reporting Na + binding to thrombin (21) . We therefore explored the consequences of a Pro substitution at position 215 in an attempt to rigidify the environment while maintaining its essential hydrophobic nature. Interestingly, the W215P mutation results in a significant (>10-fold) reduction of protein C activation in the presence of saturating amounts of thrombomodulin, but no effect on the cleavage of FPR, fibrinogen or PAR1 (Table  3 ). The mutant also shows Na + activation comparable to wild-type, vouching for minimal disruption of the Na + environment. Because the W215A mutation affects fibrinogen cleavage significantly more than protein C activation (21), thrombin specificity can be altered drastically by single amino acid substitutions of residue 215, with the preference for fibrinogen cleavage relative to protein C activation increasing 10-fold for the W215P mutant and decreasing 150-fold for the W215A mutant relative to wild-type (Table 3) . Recognition of fibrinogen depends on the hydrophobic moiety of the indole ring of Trp-215, but recognition of protein C requires movement of Trp-215. (27) , with the active site at the center and the Na + site in the south-west quadrant. The structure of D102N (top left, 2GP9) is used as reference, with key residues labeled. Also shown for reference is the structure of the active slow form (9) (top right, 1SGI). Areas in cyan correspond to the intermolecular contacts of the two molecules in the asymmetric unit, related by non-crystallographic 2-fold symmetry (see also 
